Maturation of B cells in Germinal Centers (GC) is a hallmark in adaptive immunity and the basis of successful vaccines that protect us against lethal infections. Nonetheless, vaccination efficacy is very much reduced in aged population and against highly mutagenic viruses. Therefore, it is key to understand how B cell selection takes place in GC in order to develop new and fully protective vaccines. The cellular mechanisms that control selection of GC B cells are performed by different T cell populations. On one side, cognate entanglement of B cells with T follicular helper (Tfh) cells through cytokines and co-stimulatory signals promotes survival, proliferation, mutagenesis and terminal differentiation of GC B cells. On the other hand, regulatory T cells have also been reported within GC and interfere with T cell help for antibody production. These cells have been classified as a distinct T cell sub-population called T Follicular regulatory cells (Tfr). In this review, we investigate the phenotype, function and differentiation of these two cell populations. In addition, based on the different functions of these cell subsets, we highlight the open questions surrounding their heterogeneity.
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Heightened reactivity to antigen (Ag) recall is the central defining characteristic of adaptive immunity. Protein vaccination co-opts this process to generate memory cells endowed with enhanced or novel functional capacities capable of inducing an amplified and faster immune response to subsequent pathogen exposure. As such, immune memory can confer long-term protection of the host against microbial infections.
In the course of Antibody (Ab) responses to T celldependent Ag, Ag-activated B cells require cooperation with T cells at the border of the B and T cell zones in secondary lymphoid organs (SLO). This cell interaction is followed by the migration of some of the interacting T and B cells into the adjacent B cell follicles where they initiate the germinal center (GC) reaction. GC B cells then acquire somatic mutations in their Ag receptors (BCR) and activate class-switch recombination through the action of AID (Activation-Induced cytidine Deaminase). This process is responsible for the affinity maturation of the Ab response. GC B cells generate two types of progeny: long-lived PC secreting high-affinity Ab and memory B cells, which upon Ag re-exposure, can mount an amplified and accelerated Ab response of higher affinity than the primary Ab response.
Tight regulation of mutagenesis and B cell selection is essential in GC. The cellular mechanisms that control positive selection of GC B cells rely on a specialized spectrum of functions that are delivered by T cells. More precisely, interaction of B cells with T follicular helper cells (Tfh) is at the centre of this process. Tfh cells provide positive help to the selected GC B cells bearing high-affinity Ab. Tfh-B interactions involve TCR-pMHCII, co-stimulatory molecules and cytokines that regulate commitment to Ab isotype switch, survival, proliferation and terminal differentiation of B cells into PC and memory B cells. Notably, the type of pathogen and the inflammatory context imprint the cytokines produced by Tfh cells and, eventually, direct the Ab isotype switch. Until recently, the processes of B cell selection were only assigned to Tfh cells. However, it was demonstrated in the past years that other T cells, the follicular Foxp3þ regulatory T cells (Tfr), were also major actors of GC reactions. Their main function was coined to the regulation of the GC magnitude by controlling GC B cell and GC T cell extent. However, recent evidences show that the Tfr cell compartment is not homogeneous and that Tfr cells also regulate affinity maturation and class switch.
This review discusses the established phenotypes and functions of Tfh and Tfr cells, emphasizing the complementary role of these two cell populations in the regulation of B cell responses in the GC.
T follicular helper cells (Tfh): the cognate regulators of B cell responses

Phenotype of Tfh cells
By the mid 1960s, studies of neonatal thymectomy identified an essential role of the thymus for efficient adaptive immunity and transfers of bone marrow (BM) and thymus cell mixtures suggested these cells worked together. Subsequent studies of the hapten-carrier effect began to probe the mechanisms of T-B cell collaboration with the idea of an Ag bridge. It is now well described that inflammation induces dendritic cell (DC) maturation and their migration to local draining lymphoid tissues. In SLO, Ag-experienced DC prime naïve T helper cells. These events result in the development of effector Th cells with a variety of phenotypes and functions. Among them, Tfh cells are considered as the cognate regulators of the B cell response. Tfh cell differentiation is a multistep process that involves continuous interaction with Agpresenting cells, but also co-stimulatory signals and an appropriate cytokine milieu.
One whose ligands PD-L1 and PD-L2 are expressed by GC B cells, and their interactions suppress Tfh cell recruitment and survival [9, 10] . Despite this negative effect, PD-1 was also reported to be required for optimal GC localization of Tfh cells and for setting the threshold for GC B cell selection [11] . Overall, the strength and quality of Tfh-B cell interaction is a central factor for GC reaction and the more interaction with Tfh cells is stable, the more GC B cells become PC versus recycling GC B cells [12] . While Tfh cells control B cell responses, the reciprocal is also true and Tfh-B cell interactions shape the Tfh compartment. Indeed, B/Tfh cell interaction stabilizes expression of Bcl-6 in Tfh cells as well as CXCR5 expression [13] . Further, B cell expression of ICOS-L is required for Tfh cell differentiation and GC reaction [14] . Finally, naïve B cells receiving high intensity signal through their BCR are more prone to extra-follicular response whereas low BCR signal induces GC [15, 16] , a phenomenon relying on the correlation between BCR affinity and ICOS-L expression, which ultimately modulates Tfh cell development and survival [17] .
Differentiation of Tfh cells
The relationship of Tfh cells to other effector Th cell subsets and the mechanisms that control Tfh cell differentiation are now well described [ Fig. 2 , left]. Gene expression analyses in Tfh cells showed that these cells are distinct from other Th cell subsets [18] . Tfh cells were shown to express specifically the transcription repressor Bcl-6, and since then Tfh cells have been coined as an independent Th cell subset exhibiting a unique CXCR5 hi CCR7 lo PD-1þICOS þ surface phenotype [19e21] . After Ag priming, Bcl-6 expression in Th cells is inhibited by high concentrations of IL-2 [22, 23] and supported by IL-6 and IL-21 produced locally that, ultimately, promote Tfh cell development [14, 24] . While human and mouse Tfh cells do not differ phenotypically nor functionally, the cytokine TGF-b acts with IL-12 and IL-23 to promote the differentiation of Tfh cells in Human by inducing CXCR5 and Bcl-6 expression [25] . In contrast, in mice, TGF-b signals suppress Tfh cell differentiation by blocking ICOS and Bcl-6 expression [26] . When DC primed naïve Th cells, strength of TCR-pMHCII recognition has been shown to control Th cell clonal selection [27] . Consequently, a single naïve Th cell can produce different types of effector cells. It was further shown that naive Th cells expressing high-affinity TCR are better instructed to become Tfh cells [28, 29] and that a correlation between TCR signal strength and IL-2 production stratifies the divergence between Tfh and non-Tfh cell fate [30] . Moreover, continuous interaction with Ag-presenting cells influence Tfh cell survival since Tfh cell frequencies are significantly higher with increased amounts of available Ag, after chronic antigenic stimulation through multiple immunization [31, 32] .
The signals provided by Tfh cells to B cells also include cytokines. Among them, IL-21 is not only critical for Tfh cell development but is also a key regulator of GC, as in its absence, B cells show defects in affinity maturation and generation of long-lived PC [33, 34] . Tfh cells also produce . In addition, IL-9 produced by Tfh cells controls B cell progeny and is essential for optimal formation of memory B cells [38] . However, whether these cytokines are secreted by bona-fide Tfh cells or by effector Th cells that have acquired Tfh features is still unsolved. Indeed, while Tfh cells form a specific lineage of Th cells, it was shown that Th1 and Th2 are plastic and can become Tfh cells [39] , this plasticity towards the Tfh lineage being in part dependent on the inflammatory context [40] . In contrast, it was also demonstrated that Tfh cells progressively differentiate during the GC reaction from IL-21 producing cells to IL-4 producing cells in order to regulate the GC response [41] .
Circulating and memory Tfh cells
Tfh cells therefore compose a heterogeneous compartment of effector cells found within and in proximity to GC in SLO. Anyhow, Th cells expressing CXCR5 were reported outside SLO in human blood more than 20 years ago [42] . Since then, it was shown that these circulating Th cells actually include several populations with unique phenotypes and functions. Based on their chemokine receptor expression, they were subdivided in circulating Tfh cells that share properties with Th1 cells (CXCR3þCCR6-), Th2 cells (CXCR3-CCR6-) and Th17 cells (CXCR3-CCR6þ) [43] . This circulating pool of Tfh cells was found to correlate with human Ab responses to vaccines, infections and auto-Ab responses [44, 45] . In addition, memory CXCR5þ Th cells were also discovered in draining lymphoid tissue in mice [46] . Using cell transfer experiment and reporter mice, it was demonstrated that memory Bcl-6þ CXCR5þ Th cells become effector Tfh cells upon reactivation [39] . The existence of memory Tfh cells was confirmed in both mice and humans [47e51] and their differentiation does not require participation in the GC reaction [52] . Interestingly, memory Tfh cells are not only found retained in SLO or circulating in the blood but can be present in the BM, where their function remains at issue [53, 54] . Notably, after Ag re-encounter, memory B cells induce rapid effector function by memory Tfh cells establishing the close relationship between these two cell compartments for initiation of secondary Ab responses [55] . Moreover, while local memory Tfh cells are found retained in the B follicle of SLO at proximity of memory B cells, circulating memory Tfh cells in non-draining lymphoid organs localize outside the B follicle. Interestingly, both local and circulating memory Tfh cell subsets sustain early B cell response after reactivation but exhibit different functions [56] .
T follicular regulatory cells (Tfr): a multifunctional cell population
During GC reaction, a fine regulation is required to ensure the selection of the high-affinity B cell clones but also to prevent the emergence of auto-reactive B cells. For a long time, these attributes have been assigned to Tfh cells, through positive selection of the high-affinity B cell clones receiving survival signal following a cognate interaction. Anyhow, it is known that Foxp3þ regulatory T cells (Treg) play a pivotal role in maintaining immune self-tolerance and homeostasis. In 2004, a T cells with suppressive function in vitro had been visualized in human GC [57] . Few years after, three different groups explored the role of this Treg subset on the regulation of GC by using specific experimental mouse models of Tfr cell depletion [58e60]. It appeared from in vivo and in vitro data that Tfr cells are suppressor of the GC response; notwithstanding, the suppressive activity of Tfr cells has a critical impact on the quantity as well as the quality of the B cell response. Indeed, ablation of Tfr cells led to an increase in the magnitude of the Tfh and GC B cells. It also modified the affinity and isotype switch of Ab and promoted the generation of auto-reactive Ab. Overall, these observations suggest that Tfr cells have not only a passive suppressive function to maintain self-tolerance but they also participate to the process leading ultimately to effective B cells responses. Whether Tfr cells form a homogeneous multifunctional cell population that controls homeostasis, tolerance and B cell efficiency or whether these functions are achieved by distinct Tfr cell subsets still remain largely unknown.
Differentiation of Tfr cells
Similar to Tfh cells, Tfr cell differentiation is a multistep process that starts at initial DC priming [59] [Fig. 2, right] . We recently identified that Tfr cells can be specific for the immunizing Ag, irrespective of whether it is a self or a foreign Ag [61] . Interestingly, transient Treg cell depletion at the time of immunization after diphtheria toxin (DT) injection in mice expressing DT receptor under the control of Foxp3 promoter resulted in a smaller Tfr cell compartment [59] and a profound diminishment of Ag-specific Tfr cells [61] . We also showed that, in addition to developing from thymic derived Treg cells, Tfr cells could also arise from Foxp3 neg precursors if the adjuvant used was one that supports T cell plasticity [61] . Anti-PD-L1 blocking Ab treatment during initial priming led to a significant decrease of the Tfr cell pool derived from naïve T cells showing that this phenomenon was PD-L1 dependent [61] . Anyhow, recent studies showed that the TCR repertoires of the Tfh and Tfr cell compartments are distinct, with Tfh cells responding to foreign Ag and Tfr cells expressing potentially autoreactive TCR, suggesting that a majority of Tfr cells derived from thymic Treg [62, 63] . In mice, Tfh cells are absolutely dependent on B cells for their formation and on the GC for their maintenance. Similarly, Tfr cells have co-opted the same follicular differentiation pathways and Tfr cells therefore require TCR stimulation, SAP [59] as well as engagement of ICOS [64] and CD28 [65] . Anyhow, treatment with B celldepleting Ab in human showed no effects on the circulating Tfr cell (cTfr) populations [66] . Further studies demonstrated that, indeed, cTfr cells were generated by B cell independent mechanisms during T cell priming by DC either in human [67] or mouse settings [68] . Overall, it demonstrates the crucial contribution of DC in the Tfr cell differentiation.
Despite their regulatory ability, Tfr cells share several common proprieties with Tfh cells [Fig. 1 ]. Among them, Tfr cells have similar expression pattern of several surface b i o m e d i c a l j o u r n a l 4 2 ( 2 0 1 9 ) 2 4 3 e2 5 1 molecules. They express the chemokine receptor CXCR5, responsible for their re-positioning into the follicular region of SLO, as well as the surface molecules PD-1 and ICOS. The expression of CXCR5 is initiated by NFAT2 [69] and is maintained by Bcl-6 [59, 60] . Upon TCR engagement, stromal interaction molecule 1 (STIM1) and STIM2 were shown to mediate Store-operated Ca2þ entry (SOCE) through Ca2þ releaseactivated Ca2þ (CRAC) channels and to promote Tfr cell differentiation through NFAT-mediated IRF4, BATF, and Bcl-6 transcription factors [70] . Transcriptomic studies also revealed that CRAC channels control the lineage identity and effector functions of Tfr cells [71] . In Humans, loss-of function mutations in STIM 1 and ORA1 genes that abolish CRAC channel function displayed impaired production of specific-Ab upon vaccination or infection, highlighting the importance of CRAC channels in humoral immunity [72, 73] . In T cells, PI3 kinase (PI3K) is strongly induced by ICOS signaling, which is connected to rapamycin complex 1 and 2, mTOR1 and mTOR2, respectively [74, 75] . The p85a regulatory subunit of the PI3K interacts with intracellular osteopontin (OPN-i) allowing the translocation of OPN-i to the nucleus and its interaction with Bcl-6, which prevents Bcl-6 from ubiquitindependent proteasome degradation. Therefore p85a-OPN-i axis is essential to sustain Tfh and Tfr cell formation [64] . While both mTOR1 and mTOR2 are required for Tfh cell differentiation [76, 77] , a recent study has shown that mTOR1 but not mTOR2 was essential for both the differentiation and functional ability of Tfr cells by activating a transcriptional axis consisting of Stat3-TCF-1-Bcl-6 during immunization or infection [78] .
In contrast to Tfh cells, Tfr cells express both Blimp-1 and Bcl-6, which are known to suppress each other [20] [ Fig. 1 ]. It was shown that Blimp-1 deficiency enhances Tfr cell differentiation but reduces their suppressive ability [79] . In addition, the helix-loop-helix protein inhibitor of DNA binding 2 (Id2) and Id3 display distinct functions during the differentiation of Tfr cells. While Id2 and Id3 depletion in Treg cells resulted in increased Tfr cell formation, a small Id3 expression at the initial step of Tfr cell differentiation was essential to induce the specific transcription signature of Tfr cells [80] . Co-inhibitory signals are also important for Tfr cell differentiation and PD-1 and CTLA-4 deficiency resulted in a large increase of Tfr cells [81e83]. Finally, the cytokine cues play also an important role in controlling Tfr cell differentiation. IL-2 prevents Tfr cell differentiation, which is counterbalanced by Bcl-6 expression that rescues the Tfr cell program through the reduction of CD25 expression and subsequently IL-2 responsiveness [84] . Anyhow, not all the Tfr cells express CD25. It was indeed shown that CD25 þ and CD25 neg Tfr cells co-exist and follow distinct developmental waves mostly regulated by the nature of the Ag and IL-2 availability [85, 86] . In the context of systemic lupus erythematosus (SLE), low-dose IL-2 therapy reduced Tfh and Th17 cell subsets and promoted Treg cells [87] . Thereby, IL-2/CD25 axis may promote the generation of Tfr cells at early time while disturbing Tfr cell maintenance in the effector phase. While Treg/Th are mainly regulated by the IL-2 axis, Tfh cells lack the expression of CD25 [84] . It was further demonstrated that Tfh cells express the IL-1R1 agonist receptor, whereas Tfr cells express the IL-1 decoy receptor IL-1R2 and the IL-1 receptor antagonist IL-1Ra. IL-1 treatment expanded Tfh cells in vivo but Tfr cells suppressed the IL-1-dependent activation of Tfh cells. Thus, this study revealed an IL-1 axis in the control of the Tfr/Tfh cell axis [84] . Tfr cells do not express the B cell helper molecules (IL-21, IL-4 and CD40L) that are distinct properties of Tfh cells. Moreover, in contrast to Tfh cells, IL-21 was shown to limit the number of Tfr cells by regulating Bcl-6 expression in Tfr cells [88] . Interestingly, loss-of-function mutations in the IL-21R in human were shown to cause a primary immunodeficiency syndrome [89] . Indeed, these patients displayed an increase in circulating Treg and Tfr cell pool [88] and had a defective memory B cell compartment [90] . Further, in a mouse model of spontaneous autoimmune disease, ablation of the IL-21 gene increased the Tfr cell pool and the Tfr cell suppressive activity, which reduced GC formation and production of auto-Ab [91] . Overall, these studies highlight the regulation of the Tfr cell compartment, quantitatively and qualitatively, through the IL-21/IL-21R axis.
Tfr cells in physiological and pathological contexts
During B cell response, Tfh and Tfr cells play a crucial role in the generation of high-affinity Ab that could play either protective function during infection but also deleterious function when they are directed against self-Ag. In 2011, the pioneer studies revealed that Tfr cells are able to interfere with several events occurring during the GC reaction such as the modulation of Ab affinity as well as functions inherited from non-follicular Treg such as maintaining self-tolerance and immune homeostasis [58e60]. In response to a foreign Ag, using different experimental models to deplete Tfr cells, Linterman and colleagues observed a decrease of the highaffinity Ab in absence of Tfr cells while Chung and colleagues observed the opposite [59, 60] . This discrepancy certainly accounts for the different experimental systems used to deplete Tfr cell population in these two studies. More recently, by using a Foxp3cre/Bcl-6floxed mouse model, in which the Tfr cell compartment is depleted and the Treg one remains intact, it was shown that Tfr cell deficiency has no impact on the Tfh cell and GC B cell extent but induced a decrease in avidity of Ag-specific Ab and a decrease of Agspecific IgG [92] . Therefore, these results suggested that Tfr cells could have a helper role in the GC-dependent B cell maturation. Using the same animal model, it was further shown that Tfr cell deficiency promoted late-onset spontaneous autoimmunity as well as aggravated an inducible Sj€ ogren's syndrome model [93] .
Studies performed in human did not show an uniform correlation between disease progression and level of cTfr cells [Table 1 ]. Indeed, in the peripheral blood of patients with Hashimoto's thyroiditis, allergic rhinitis and Sj€ ogren's syndrome, the frequency of cTfr cells was found to be increased as compared to healthy donors and this frequency was positively correlated with clinical pathological score [94e96]. In contrast, in patients with multiple sclerosis (MS), myasthenia gravis (MG), SLE and immune thrombocytopenia, the cTfr cells were reported to be decreased [97e100]. Intriguingly, in rheumatoid arthritis (RA) patients, the Tfr and Tfh cells were present at similar numbers from those of healthy donors [101] . Anyhow, in two recent studies, conflicting observations were made concerning cTfr cells in RA patients. Thus, the role of Tfr cells in RA progression is still debated [102, 103] . Many interpretations could explain such differences. First of all, studied patients can vary in term of disease duration and treatment status. Moreover, during infection, the nature of the pathogen was shown to impact differently the Tfr cell pool. Indeed, Tfr cells expand after resolution of influenza infection [85] . In contrast, during lymphocytic choriomeningitis virus (LCMV) infection, Tfr cells promote GC response through the production of IL-10 and follow the magnitude of the B cell response [104] . Therefore, depending on the Ag, the Tfr cells could be either an indicator of the ongoing or resolving GC reaction. Moreover, defective Treg suppressive activity has been linked to the pathogenesis of many autoimmune diseases such as MS and MG. In the context of Tfr cells, these cells may also display dysfunction. Finally, one other reason concerning these conflicting results of cTfr cell studies might be due to the variability of strategies used to track cTfr cells since distinct markers to delineate Tfr cell subsets among follicular T cells are used, either Foxp3, CD127 or CD25.
Conclusions
An efficient B cell immunity requires a dynamic equilibrium between positive and negative signals. It is now largely admitted that these signals are provided by distinct populations of T cells, the Tfh and Tfr cells. The distinct functions performed by these cells range from the control of Ab affinity, the maintenance of self-tolerance and immune homeostasis. Current studies on Tfh and Tfr cells highlight the capacity of these cells to sense the environment cues such as the nature of the Ag and/or the inflammatory context, which ultimately modulate their development and function. Very recently, it was even shown that alternative vaccination strategy such as slow delivery allows modulation of Ag immunodominance and promotes neutralizing antibodies to HIV envelope protein in non-human primates [105] . It is therefore important in the future to better define how the environmental factors influence quantitative and qualitative Tfh and Tfr cell functions, which ultimately could reveal new depths in the regulation of GC reaction that could eventually result in better vaccine protocols.
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